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Abstract

The rapid expansion of global e-commerce has necessitated the deployment of highly automated warchouse systems,
wherein robotic picking mechanisms play a central role. Traditional warehouse robots rely predominantly on computer
vision for object localization and grasping; however, vision alone is often insufficient for handling fragile, deformable, or
densely packed items where precise force regulation is required. Tactile feedback control offers a solution by enabling real-
time slip detection and force adjustment, significantly enhancing grasp stability. As warehouse environments increasingly
adopt decentralized, network-based control architectures such as edge computing and industrial internet of things platforms,
the transmission of high-frequency tactile data over wireless networks introduces latency, jitter, and packet loss. This paper
presents a comprehensive network simulation study investigating the impact of network performance on tactile feedback
control and the resulting grasp stability of warehouse picking robots. By modeling a closed-loop haptic feedback system
over various simulated network topologies, this research evaluates how different communication delays degrade grasping
performance. The methodology integrates robotic simulation environments with network simulation tools to create a
realistic testing framework for dynamic grasping tasks. The findings reveal critical latency thresholds beyond which grasp
stability deteriorates exponentially, leading to object slippage or structural damage to fragile items. The study provides
actionable insights for the design of industrial wireless networks and proposes adaptive control strategies to mitigate the
effects of network degradation, thereby optimizing the reliability and efficiency of next-generation warehouse robotic
systems.

Keywords: Tactile Feedback; Grasp Stability; Network Simulation; Warehouse Robotics; Latency

1. Introduction
1.1 Background and Context

The exponential growth of global supply chains and the concurrent surge in electronic commerce have fundamentally
reshaped the logistical requirements of modern warehouses. In the pursuit of maximizing throughput and minimizing
human error, warehouse operators have increasingly turned to automated solutions, particularly robotic picking systems.
Historically, these systems were deployed in highly structured environments where the physical characteristics, orientation,
and location of every item were known in advance. Early generations of warehouse robots utilized simple kinematic
trajectories and rigid end-effectors to manipulate standard corrugated boxes or sturdy plastic totes. However, contemporary
fulfillment centers operate in highly unstructured environments characterized by a vast and continuously changing
inventory of items known as stock-keeping units. These items vary drastically in size, shape, weight, center of mass, surface
friction, and fragility. The transition from structured palletizing tasks to dynamic, item-level order picking requires robotic
systems capable of extraordinary adaptability and precision. While advancements in machine learning and computer vision
have revolutionized a robot ability to identify and localize objects, visual sensing remains fundamentally limited during
the actual grasping phase. Once an end-effector makes contact with an object, visual occlusion often prevents the cameras
from observing the interaction dynamics. Furthermore, vision cannot directly measure the physical interaction forces, such
as the normal force applied to the object surface or the tangential friction forces resisting gravity. To address these critical
limitations, researchers and engineers have increasingly focused on integrating tactile sensing capabilities into robotic end-
effectors. Tactile sensors mimic the mechanoreceptors found in human skin, providing real-time data regarding pressure
distribution, contact geometry, texture, and micro-vibrations indicative of incipient slip. The integration of high-resolution
tactile feedback allows a picking robot to dynamically adjust its grip force, applying just enough pressure to secure the
item without causing deformation or damage, thereby achieving robust grasp stability. As this technological paradigm
shifts from purely visual to visuo-tactile manipulation, the underlying control architectures of these robots must evolve to
process multi-modal sensory streams with minimal delay.
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1.2 The Role of Networked Robotics

Simultaneously, the architectural paradigm of warehouse automation is undergoing a profound transformation driven by
the principles of Industry 4.0 and the Industrial Internet of Things. Rather than equipping each individual robot with
massive, localized computational hardware capable of processing complex deep learning models and high-frequency tactile
data loops, modern facility designs favor networked or cloud-based robotic systems. In a networked robotics paradigm,
individual picking arms act as edge devices equipped with sensors and actuators, while the computationally intensive tasks
such as grasp planning, real-time control optimization, and multi-sensor fusion are offloaded to centralized edge servers or
cloud computing clusters. This decoupling of hardware and computation offers numerous advantages, including reduced
robot weight, lower power consumption, centralized fleet management, and the ability to seamlessly push updated grasp
policies to all robots simultaneously. However, closing the real-time control loop over a communication network introduces
profound challenges, primarily related to data transmission reliability. Tactile feedback loops require extraordinarily high
temporal resolution to be effective. When a grasped object begins to slip, the micro-vibrations must be detected,
transmitted, processed, and responded to within a matter of milliseconds. If the communication network connecting the
robot to the edge controller experiences congestion, interference, or routing inefficiencies, the resulting latency can easily
exceed the critical reaction window. In a delayed control loop, the system might react to an incipient slip event long after
the object has already fallen, or conversely, it might apply excessive force based on outdated sensor readings, resulting in
the crushing of a fragile item. Therefore, understanding the intricate relationship between network performance metrics
such as latency, jitter, and packet loss, and the physical metric of grasp stability is of paramount importance. The successful
deployment of networked tactile robots in commercial warehouses depends entirely on characterizing these network-
induced vulnerabilities and developing control algorithms robust enough to withstand them.

1.3 Research Objectives and Scope

Despite the critical importance of networked tactile control, there remains a significant gap in the literature regarding the
systematic evaluation of grasp stability under realistic warchouse network conditions. Most existing studies on tactile
feedback are conducted in isolated laboratory settings with hardwired, zero-latency connections, which do not reflect the
dynamic and often noisy wireless environments of massive fulfillment centers. Conversely, studies focusing on industrial
wireless networks often evaluate performance using abstract data throughput metrics without translating those metrics into
the physical consequences for robotic manipulation. The primary objective of this paper is to bridge this interdisciplinary
gap by developing a comprehensive co-simulation framework that unifies robotic grasping dynamics with complex network
communication protocols. By simulating the physical interaction between a robotic gripper and various target objects while
simultaneously simulating the transmission of tactile data over varying network topologies, this research aims to quantify
the exact degradation of grasp stability as a function of network latency and packet loss. Furthermore, this study seeks to
identify the critical latency thresholds that demarcate the boundary between successful manipulation and catastrophic
failure. The scope of this investigation includes the modeling of multiple network scenarios, ranging from optimal high-
bandwidth configurations to congested networks experiencing significant interference. The findings of this research are
intended to inform the design requirements for industrial wireless communication infrastructures and to guide the
development of latency-aware control policies that can autonomously adjust grasping strategies when network quality
deteriorates.

2. Literature Review
2.1 Advancements in Tactile Sensing for Robotic Manipulation

The development of tactile sensors has historically been driven by the desire to replicate the extraordinary dexterity of
the human hand. Early literature highlights the fundamental differences between visual and haptic modalities, noting that
while vision provides global spatial context, touch provides localized, high-fidelity information about physical interactions
[1]. Initial attempts at tactile integration utilized simple binary contact switches, which merely confirmed whether an object
was present between the gripper fingers. As material science progressed, researchers developed arrays of piezoresistive
and capacitive sensors capable of mapping pressure distributions across the contact area. These continuous pressure maps
allowed control algorithms to calculate the center of pressure and estimate the total normal force applied to the object [2].
More recently, optical tactile sensors have emerged as a dominant technology in academic research. These sensors typically
consist of an internal camera observing the deformation of an illuminated, elastomeric sensing surface. As the elastomer
presses against an object, the internal camera tracks the displacement of embedded markers, yielding highly detailed, three-
dimensional force vectors and high-resolution contact geometries [3]. The ability to resolve shear forces in addition to
normal forces has revolutionized slip detection. According to recent experimental reviews, algorithms can analyze the
high-frequency variations in shear force data to detect the microscopic stick-slip phenomena that precede macroscopic
object failure [4]. However, the transition from rigid piezoresistive arrays to high-definition optical tactile sensors
dramatically increases the volume of sensory data generated by the end-effector. This explosion in data bandwidth
requirements forms the crux of the communication bottleneck when attempting to transmit tactile feedback over wireless
networks. Previous investigations into tactile data compression have attempted to reduce this burden by transmitting only
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the salient features of the contact patch, yet such compression algorithms often introduce their own computational delays,
complicating the overall control loop timing [5].

2.2 Grasp Stability Metrics and Control Strategies

Grasp stability is the foundational metric of successful robotic manipulation. In the context of warehouse picking, a stable
grasp is defined as a configuration of the end-effector and target object that can resist external disturbances, including
gravity, dynamic accelerations during arm movement, and collisions with the environment. Theoretical models of grasp
stability often rely on the concept of the grasp friction cone. The friction cone defines the geometric boundaries within
which the applied contact forces must remain to prevent the object from slipping, a principle dictated by the static friction
coefficient between the gripper material and the object surface [6]. When manipulating unknown objects, traditional control
strategies employ a conservative approach, applying an overwhelmingly large normal force to ensure the friction cone is
sufficiently wide to counteract any anticipated shear forces. While this strategy is effective for rigid, durable items such as
metal machine parts, it is fundamentally incompatible with the diverse inventory of a modern e-commerce warchouse,
which includes soft packaging, ripe produce, and delicate electronics. To handle these items, dynamic force regulation is
required. Modern tactile control strategies operate on the principle of minimal necessary force [7]. By continuously
monitoring the ratio of shear force to normal force, the controller iteratively adjusts the grip pressure, maintaining the
interaction state just safely inside the friction cone margin. If the sensor detects a sudden change in shear force indicative
of slip, a proportional-derivative control loop instantaneously commands an increase in normal force to stabilize the object
[8]. The efficacy of this reactive stabilization is entirely dependent on the responsiveness of the control loop. Studies
examining the neurophysiology of human grasping indicate that the human nervous system reacts to tactile slip signals
within roughly eighty milliseconds [9]. Emulating this biological benchmark in robotic systems requires extraordinary
synchronization between the sensor readout, the signal processing unit, and the motor actuators. When this control loop is
distributed across a communication network, maintaining the requisite phase margin for system stability becomes a
formidable engineering challenge.

2.3 Networked Control Systems and Latency Challenges

The discipline of Networked Control Systems investigates closed-loop control architectures where the feedback and
reference signals are exchanged through a communication network. The defining characteristic of a networked control
system is the presence of variable communication delays, packet dropouts, and constrained bandwidth, all of which act as
destabilizing factors in classical control theory. In industrial automation, the historical solution to these challenges was the
deployment of dedicated, deterministic fieldbus networks such as EtherCAT, which utilize precise time-division
multiplexing to guarantee data delivery within strict, microsecond-level deadlines [10]. However, the physical constraints
of tethered cables restrict the mobility of autonomous mobile robots and complicate the deployment of dense, multi-arm
picking stations. Consequently, the industry is transitioning toward wireless communication standards, primarily industrial
Wi-Fi and emerging fifth-generation cellular networks. While these wireless technologies offer immense flexibility, their
performance is highly susceptible to environmental interference, signal attenuation caused by metal warehouse racking,
and network congestion from competing devices [11]. Extensive research has modeled the statistical distribution of delays
in wireless industrial networks, demonstrating that while average latency might be low, the long-tail jitter can result in
transient delays exceeding several hundred milliseconds [12]. In the context of tactile grasping, these transient delays are
disastrous. If a slip event occurs precisely when a network packet containing the tactile update is dropped or severely
delayed, the centralized controller remains unaware of the failure, and the stabilization command is not issued in time [13].
Researchers have proposed various mitigation strategies, such as predictive control algorithms that attempt to forecast
object dynamics and pre-emptively adjust grip force during network outages [14]. Other approaches involve hierarchical
control architectures, where a localized, low-level reflex controller on the robot arm handles immediate slip prevention,
while the remote network server manages high-level grasp planning [15]. Despite these theoretical proposals, there remains
a distinct lack of empirical simulation data quantifying exactly how different network profiles impact the physical success
rates of tactile grasping across diverse object sets [16].

3. Theoretical Framework and System Architecture
3.1 Closed-Loop Tactile Feedback Dynamics

To systematically evaluate the impact of network performance on grasping, it is first necessary to establish the theoretical
dynamics of the closed-loop tactile feedback system. The grasping process can be conceptualized as a state machine
transitioning through discrete phases: approach, initial contact, force loading, manipulation, and release. The critical phase
under investigation is the manipulation phase, during which the robot must maintain a stable hold on the object while the
robotic arm accelerates through its trajectory toward the placement bin. The physical interaction at the contact interface is
governed by standard Coulomb friction models. The total normal force applied by the parallel jaw gripper fingers must
generate a frictional force greater than or equal to the gravitational pull on the object mass plus any inertial forces generated
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by the arm movement. The tactile sensors on the gripper surfaces continuously measure the multidimensional force vectors
at a high sampling frequency. This raw data stream represents the state variables of the physical system.

In a localized control paradigm, this sensory data is fed directly into an adjacent microcontroller. The controller calculates
the slip margin, defined as the mathematical difference between the current ratio of shear to normal force and the estimated
coefficient of static friction. A threshold-based trigger continuously monitors this slip margin. If the margin drops below a
predefined safety boundary, indicating that the object is on the verge of overcoming static friction and transitioning into
kinetic slip, the controller immediately calculates an error signal. This error signal is processed through a tuning algorithm,
typically a proportional-integral-derivative controller, to generate a new force reference command. This command is then
sent to the motor drivers, actuating the gripper mechanism to increase the normal force. The time elapsed between the
physical onset of the slip margin violation and the actual mechanical increase in grip pressure is defined as the total system
latency. In a purely local, hardwired system, this latency is determined entirely by the processing speed of the local
computer and the electromechanical response time of the motors.

3.2 Network-in-the-Loop Architecture

When this control architecture is transitioned to a networked paradigm, the control loop is spatially separated, and the
communication network is inserted directly into the feedback path. The system architecture modeled in this study consists
of three primary nodes: the physical robotic edge node, the wireless communication medium, and the centralized
computation node. The robotic edge node comprises the physical robotic arm, the tactile sensors, the motor actuators, and
a network interface card. The centralized computation node represents a powerful edge server located elsewhere in the
warehouse facility, responsible for running the complex slip-detection algorithms and generating the force control
references. The wireless communication medium represents the industrial wireless local area network connecting the two
nodes.

In this network-in-the-loop architecture, the tactile data generated by the sensors cannot be instantly utilized. Instead, it
must be encapsulated into discrete digital packets. The network interface card on the robot digitizes the analog sensor
readings, attaches necessary headers and timestamps, and transmits the packets over the wireless medium using user
datagram protocol. User datagram protocol is preferred over transmission control protocol for real-time control applications
because it avoids the compounding delays associated with guaranteed delivery and packet retransmission mechanisms.
Once the packet traverses the wireless medium, it is received by the central server. The server unpacks the data, executes
the slip detection and force optimization algorithms, and generates the required motor actuation command. This command
is then packetized and transmitted back across the network to the robotic edge node, where it is finally executed by the
motor drivers.
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Figure 1: Comprehensive Schematic of Tactile Feedback Network Simulation and Grasp Stability Control Loop

This architecture introduces several new sources of delay that fundamentally alter the stability of the control loop. The
forward transmission delay represents the time taken for the tactile data packet to travel from the robot to the server. The
backward transmission delay represents the time for the actuation command to return. The sum of these network delays,
combined with the computational processing time at the server, constitutes the network round-trip time. Crucially, in a
wireless environment, this round-trip time is not a static constant. It is a highly dynamic stochastic variable influenced by
network traffic load, signal-to-noise ratio, and routing protocol efficiency. If network congestion causes significant packet
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queueing at the access points, the round-trip time increases, resulting in latency. Furthermore, the variability in this latency,
known as jitter, causes packets to arrive at irregular intervals, destroying the uniform sampling rate assumed by classical
digital control theories. In extreme cases of signal interference, packets may be entirely lost. Packet loss in the forward
path deprives the controller of critical state updates, blinding the system to occurring slip events. Packet loss in the
backward path prevents the actuation commands from reaching the motors, rendering the system paralyzed until the next
successful transmission cycle. The theoretical framework hypothesizes that as the statistical distribution of network latency
shifts rightward and packet loss probabilities increase, the probability of grasp failure will increase non-linearly,
characterized by distinct performance cliffs.

4. Methodology and Simulation Design
4.1 Co-Simulation Environment Setup

Investigating the complex interplay between physical manipulation dynamics and communication network performance
requires a highly sophisticated simulation methodology. Physical experimentation, while valuable, lacks the reproducibility
and precise parameter isolation required for rigorous statistical analysis of network effects. It is impossible to identically
replicate complex wireless interference patterns across thousands of physical grasping trials. Therefore, this research
employs a novel co-simulation framework that synchronously integrates a high-fidelity robotic physics engine with a
discrete-event network simulator. The physics environment simulates the rigid body dynamics, contact mechanics, and
sensor interactions, while the network environment simulates the protocol stacks, data queues, and signal propagation
models.

The robotic manipulation environment is constructed using a modern, open-source physics simulator capable of modeling
soft body deformations and complex frictional contacts. The simulated robot model is based on an industry-standard, six-
degree-of-freedom articulated arm equipped with a parallel-jaw end-effector. To simulate tactile sensing, highly dense
grids of contact sensors are virtually applied to the inner surfaces of the gripper jaws. These virtual sensors capture normal
force, tangential friction force, and contact area metrics at a simulated sampling rate of one thousand hertz. The physics
engine is configured to execute step sizes of one millisecond to ensure high-fidelity dynamic resolution during rapid slip
events. The target objects manipulated in the simulation are procedurally generated to represent the diverse inventory of a
warchouse. The object dataset includes geometric primitives such as cubes, cylinders, and spheres, as well as complex,
asymmetrical meshes. Crucially, the physical properties of these objects, including mass distribution, surface friction
coefficients, and structural stiffness, are randomized within realistic bounds for each simulation trial to ensure the
robustness of the evaluated control policies.

Table 1: Simulation Parameters for Tactile Feedback Network

Parameter Value Description
Physics Engine Step Size 1.0 Milliseconds dTemp".r"‘l resolution of the rigid body
ynamics simulation.

Tactile Sensor Grid 16 by 16 Array Spatlal I'ICS(.)lutIOIl of the simulated

piezoresistive sensor pad.
. Rate at which force vectors are extracted

Sensor Sampling Frequency 1000 Hertz from the physics engine.

Gripper Actuation Speed 50.0 Millimeters per second Max1mu'm closing V§1001ty of the simulated
parallel jaw mechanism.

Object Mass Range 100 to 1500 Grams Uniformly distributed mass variable for

target grasping objects.

4.2 Network Topology and Impairment Modeling

The network simulation component is designed to emulate the characteristics of an industrial wireless local area network
typical of a large fulfillment center. The discrete-event network simulator models a topology consisting of a centralized
edge computing server connected via high-speed wired Ethernet to multiple wireless access points distributed throughout
the virtual warehouse space. The simulated robotic arms act as mobile wireless clients associated with these access points.
The communication protocols utilized are modeled on current industrial Wi-Fi standards operating in the five gigahertz
spectrum to avoid common interference bands.

To rigorously evaluate the control system, the network simulator is programmed to inject specific, parameterized
impairments into the data transmission paths. Instead of relying on unpredictable emergent network behaviors, the
simulation utilizes controlled traffic shaping to impose exact latency distributions, jitter profiles, and packet loss rates. This
deterministic impairment injection allows for the isolation of specific network variables. The simulation methodology
defines multiple network quality profiles ranging from ideal to severely degraded. In the ideal profile, representing a highly
localized and uncongested network, the round-trip latency is maintained strictly below five milliseconds with zero packet
loss, serving as the baseline for maximum achievable grasp stability. In the moderate degradation profiles, background
traffic is introduced to simulate the presence of other robots and telemetry systems communicating on the same network.
This background traffic increases queue lengths at the access points, resulting in mean latencies ranging from twenty to
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fifty milliseconds and introducing observable jitter. In the severe degradation profiles, simulated signal occlusion and
extreme congestion push the mean latency above one hundred milliseconds and introduce significant packet loss rates.

Table 2: Network Topologies and Latency Injection Profiles

Network Profile Mean Latency Jitter Variance ‘ Packet Loss Rate
Ideal Localized 2.5 Milliseconds 0.5 Milliseconds 0.0 Percent
Light Congestion 15.0 Milliseconds 5.0 Milliseconds 0.5 Percent
Moderate Traffic 45.0 Milliseconds 12.0 Milliseconds 2.5 Percent
Severe Interference 120.0 Milliseconds 35.0 Milliseconds 8.0 Percent
Critical Failure 250.0 Milliseconds 80.0 Milliseconds 15.0 Percent

4.3 Experimental Protocol and Evaluation Metrics

The experimental protocol dictates the execution of thousands of automated grasping trials across the various combinations
of object properties and network profiles. Each individual trial follows a strict sequence of events. First, the target object
is instantiated on the virtual picking surface. The robotic arm computes a kinematic trajectory to reach the object and
positions the open end-effector around it. The baseline grasping policy then commands the gripper to close until the tactile
sensors register an initial threshold contact force, establishing the baseline grip. At this point, the manipulation phase
begins. The robotic arm executes a rapid, upward lifting trajectory combined with a horizontal translation, simulating the
aggressive movements required to meet industrial throughput quotas. These rapid accelerations induce significant inertial
forces on the grasped object, actively attempting to break the static friction hold and cause a slip event [17].

Throughout the manipulation phase, the co-simulation framework records a massive stream of telemetry data. The tactile
data is continuously sent through the network simulator to the virtual edge controller, which calculates the required
stabilizing forces and sends the actuation commands back through the impaired network. The primary evaluation metric
for this study is the Grasp Success Rate. A grasp is classified as successful only if the object is transported to the final
target destination without dropping and without the normal force exceeding the predefined structural crush limit of the
specific object [18]. If the object slips entirely out of the gripper due to insufficient reactive force, or if the controller
overcompensates due to delayed feedback and crushes the item, the trial is marked as a failure. Secondary evaluation
metrics include the maximum slip distance, which measures how far the object displaced within the gripper jaws before
being stabilized, and the time to stabilization, measuring the duration of the slip event. The collection of this detailed
physical telemetry against the strictly controlled network impairment parameters provides the necessary dataset to construct
statistical models correlating network quality with robotic manipulation performance [19].

5. Results and Statistical Analysis
5.1 Impact of Latency on Grasp Success Rates

The execution of the comprehensive co-simulation framework generated a robust dataset detailing the performance of the
networked tactile feedback control system across a wide spectrum of operating conditions. The most prominent finding
derived from the statistical analysis is the profound, non-linear relationship between network latency and the overall grasp
success rate. Under the ideal network profile, characterized by mean latencies below three milliseconds and negligible
packet loss, the reactive tactile control system demonstrated exceptional performance. The baseline success rate in these
ideal conditions hovered near ninety-eight percent across the diverse set of procedurally generated objects. In these trials,
the localized processing effectively functioned as a hardwired system; the control loop detected the micro-vibrations of
incipient slip and actuated the stabilizing normal force rapidly enough to arrest the motion before macroscopic displacement
occurred.

However, as the network simulator injected escalating levels of latency, the grasp success rate began to deteriorate.
Interestingly, the degradation was not linear. The data reveals a distinct plateau of resilience followed by a rapid
performance cliff. When mean latency was increased through the light and moderate congestion profiles, reaching up to
forty-five milliseconds, the grasp success rate remained relatively stable, only dropping to approximately ninety-two
percent. The sophisticated proportional-derivative control algorithm was able to compensate for these minor delays by
slightly over-actuating the grip force once the delayed signal finally arrived, sacrificing a small amount of force
optimization to maintain physical stability. This indicates that modern networked architectures possess a degree of inherent
tolerance for mild communication degradation.

The critical threshold was breached when network latency exceeded approximately eighty milliseconds. Beyond this point,
the success rate plummeted precipitously. In the severe interference profile, where mean latency reached one hundred and
twenty milliseconds, the success rate collapsed to below forty percent. Analysis of the physics telemetry during these failed
trials clearly illustrates the mechanism of failure. At latencies exceeding eighty milliseconds, the time required for the slip
detection signal to reach the server and for the actuation command to return simply exceeded the physical duration of the
static-to-kinetic friction transition. By the time the gripper received the command to tighten its hold, the object had already
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accelerated downward due to gravity, completely exiting the bounds of the gripper jaws. The control loop was perpetually
reacting to historical states that no longer represented the physical reality of the manipulation task.

Table 3: Grasp Success Rates Under Variable Network Conditions

Network Profile Mean Latency (ms) Success Rate - Rigid Objects ‘ Success Rate - Fragile Objects
Ideal Localized 2.5 99.2% 96.5%
Light Congestion 15.0 97.1% 94.0%
Moderate Traffic 45.0 93.8% 88.2%
Severe Interference 120.0 45.4% 31.7%
Critical Failure 250.0 12.1% 5.3%

5.2 The Compounding Effect of Packet Loss and Jitter

While mean latency established the primary constraint on grasp stability, the simulation results demonstrate that packet
loss and jitter act as severe compounding factors that further destabilize the control system. Jitter, the statistical variance
in latency, proved particularly disruptive to the derivative component of the tactile control algorithm. Derivative control
relies on calculating the rate of change of the error signal to predict future states and apply damping forces. When network
jitter causes sensor packets to arrive at highly irregular intervals, the calculated rate of change becomes violently erratic.
The simulation data shows that under conditions of high jitter, even if the mean latency was relatively low, the control
signal exhibited severe oscillations. The gripper would rapidly oscillate between applying excessive force and insufficient
force, a phenomenon known as control chatter. This chatter not only failed to stabilize the object but often actively induced
slip by breaking the static friction bond through continuous mechanical perturbation.

Packet loss introduced a different, yet equally catastrophic, failure modality. In the simulation profiles featuring packet
loss rates above five percent, the system experienced intermittent blindness. When consecutive packets in the forward path
containing critical slip onset data were dropped by the network simulator, the central server erroneously assumed the object
was stable and maintained the baseline grip force. Conversely, when actuation commands in the backward path were lost,
the physical gripper remained idle despite the server commanding a stabilization maneuver. The statistical analysis of the
failed grasps under high packet loss conditions reveals a stark increase in catastrophic drops, where the object fell
completely unimpeded, as opposed to gradual sliding failures. The data firmly establishes that while industrial networks
might tolerate occasional dropped packets in non-critical telemetry applications, closing a high-frequency tactile control
loop demands extreme reliability. The compounding effects of high latency, severe jitter, and packet loss observed in the
severe degradation profiles created an environment where stable manipulation was fundamentally impossible, underscoring
the absolute necessity for robust network infrastructure in automated warehouses.

5.3 Impact on Fragile Object Manipulation

A detailed sub-analysis of the grasping trials focused on the manipulation of fragile objects provides further insight into
the limitations of delayed tactile control. Fragile objects, modeled with low structural yield thresholds, require the control
system to operate within an extremely narrow margin of error. The grip force must be precisely high enough to prevent slip
but strictly below the threshold that causes crushing deformation. The simulation results, detailed in Table 3, highlight a
significant divergence in success rates between rigid and fragile objects as network conditions degrade.

In ideal network conditions, the success rate for fragile objects was only marginally lower than that for rigid objects,
demonstrating the efficacy of the baseline tactile control algorithm in fine force regulation. However, as latency increased
into the moderate traffic profile, the success rate for fragile objects deteriorated much faster than for rigid ones. The
telemetry analysis reveals that this deterioration was primarily driven by crush failures rather than slip failures. The delayed
response of the control loop caused the system to overcompensate. When a slip was finally detected after a delay, the
proportional controller, reacting to a larger accumulated error, commanded a massive spike in normal force. Because the
feedback loop confirming that the slip had stopped was also delayed, the gripper continued to apply this excessive force
for too long, exceeding the structural limits of the simulated fragile item. This phenomenon demonstrates that network
latency not only impairs the ability to catch falling objects but fundamentally destroys the fine force modulation capabilities
required for advanced dexterous manipulation. The inability to safely handle fragile items under degraded network
conditions represents a major bottleneck for the widespread deployment of remote-controlled, multi-modal picking
robots in diverse e-commerce environments.

6. Conclusion and Future Directions
6.1 Summary of Findings

This comprehensive network simulation study has rigorously quantified the complex interdependencies between
communication network performance and the physical mechanics of robotic grasp stability. By developing and deploying
a sophisticated co-simulation framework that unifies high-fidelity rigid body dynamics with discrete-event network traffic
modeling, this research provides vital empirical data on a critical vulnerability in modern warehouse automation
architectures. The primary conclusion drawn from the extensive simulation trials is that tactile feedback control loops,
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when distributed over a communication network, possess a strict and non-linear tolerance for latency. The data clearly
demonstrates that while the control system can reliably maintain grasp stability under minor network congestion, exceeding
a critical latency threshold of approximately eighty milliseconds results in a catastrophic collapse of grasping performance.
Beyond this threshold, the physical transition from static to kinetic friction outpaces the informational round-trip time of
the control loop, rendering reactive stabilization mathematically impossible. Furthermore, the study highlights that network
jitter and packet loss compound these failures, inducing mechanical control chatter and periods of sensory blindness that
are particularly devastating when manipulating fragile objects requiring precise force regulation.

6.2 Industrial Implications and Future Research

The implications of these findings for the industrial automation sector are profound. As fulfillment centers increasingly
migrate toward decentralized, edge-computed robotic architectures to manage vast fleets of autonomous pickers, the
underlying wireless infrastructure must be engineered with deterministic, low-latency performance as the primary design
constraint. Traditional network design philosophies that prioritize sheer bandwidth and average throughput are insufficient
for closed-loop tactile control. Facility engineers must adopt standards such as ultra-reliable low-latency communication
protocols inherent in emerging cellular network architectures, ensuring that the tail-end latency distributions never breach
the critical thresholds identified in this study.

Future research must focus on developing adaptive, latency-aware control methodologies that bridge the gap between
network engineering and robotic manipulation. One promising direction is the integration of localized reflex controllers
directly onto the robotic arm. In such a hierarchical architecture, a rudimentary microcontroller handles immediate, high-
frequency slip prevention using hardwired sensor connections, while the centralized edge server handles complex object
recognition and grasp strategy planning over the wireless network. This hybrid approach would insulate the critical
stabilization loop from network volatility while still leveraging the computational power of the decentralized architecture.
Additionally, the development of predictive machine learning models that can forecast incipient slip events based on
multimodal sensory data before they physically manifest could artificially extend the latency tolerance window. By
continuing to explore the intersection of network dynamics and haptic manipulation, researchers can unlock the full
potential of networked robotics, enabling unprecedented levels of dexterity, reliability, and efficiency in the automated
supply chains of the future.
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